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With improved survival rates in solid organ transplan-
tation there has been an increased focus on long-term
outcomes following transplant, including physical
function, health-related quality-of-life and cardiovas-
cular mortality. Exercise training has the potential to
affect these outcomes, however, research on the
optimal timing, type, dose of exercise,modeof delivery
and relevant outcomes is limited. This article provides
a summary of a 2-day meeting held in April 2013
(Toronto, Canada) in which a multi-disciplinary group
of clinicians, researchers, administrators and patient
representatives engaged in knowledge exchange and
discussion of key issues in exercise in solid organ
transplant (SOT). The outcomes from the meeting
were the development of top research priorities and a
research agenda for exercise in SOT, which included
the need for larger scale, multi-center intervention
studies, development of standardized outcomes for
physical function and surrogate measures for clinical
trials, examining novel modes of exercise delivery and
novel outcomes from exercise training studies such as
immunity, infection, cognition and economic out-
comes. The development and dissemination of ‘‘expert
consensus guidelines,’’ synthesizing both the best
available evidence and expert opinion was prioritized
as a key step toward improving program delivery.
Abbreviations: QOL, quality-of-life; RCT, randomized
controlled trial; SOT, solid organ transplant; VO2peak,
peak oxygen consumption
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Introduction
Solid organ transplantation is a life-saving intervention for
people with end-stage heart, lung, kidney or liver disease.
With considerable advances in organ preservation, surgical
techniques and immunosuppressive therapy, short-term
survival following solid organ transplant (SOT) has greatly
improved. Specifically over the last decade, the 1 year
patient survival for heart, lung, kidney and liver transplants
from deceased donors have improved from approximately
85% to over 90% on average, across transplant types (1).
As a result of improved graft survival and reduced deaths
from infection/rejection there has been a shift in focus
toward sustaining improvements in quality-of-life (QOL),
American Journal of Transplantation 2014; 14: 2235–2245
Wiley Periodicals Inc.
C Copyright 2014 The American Society of Transplantation
and the American Society of Transplant Surgeons
doi: 10.1111/ajt.12874
2235
reducing morbidity from cardiovascular disease and im-
proving long-term survival in transplant recipients (2).
Current evidence suggests that greater physical function
in transplant candidates and recipients is associated with
lower pretransplant mortality and improved posttransplant
outcomes. For example, low physical activity levels have
been strongly associated with increased risk for cardiovas-
cular and all-cause mortality in renal transplant recipients
(2). In lung and liver transplant recipients, higher pretrans-
plant exercise capacity has been associated with lower
pretransplant mortality (3,4), shorter hospital stay (5) and
increased short-term survival posttransplant (6). Further-
more, better perceptions of physical function (using the
Short Form-36 self-report questionnaire) in renal transplant
recipients have been associated with a lower hazard for
hospitalization and death posttransplant (7).
Exercise training, including aerobic, resistance or combined
training, has been shown to improve physical function and
QOL in SOT recipients (8). Structured exercise training in
transplant recipients also has the potential to reduce
cardiovascular risk factors, such as hypertension (9), percent
body fat (10) and aerobic fitness (8). Although several
randomized controlled trials (RCTs) have been conducted in
SOT recipients, questions still remain regarding the optimal
timing, frequency and dose of exercise prescription in this
population. Furthermore, there are differing opinions on
whether transplant recipients are unique in their needs,
responses and adaptations to exercise training compared to
others living with chronic disease. The long-term effects of
exercise and physical activity on important clinical outcomes
from transplant suchassurvival, riskof rejection andsustained
improvements in QOL, as well as the cost-effectiveness of
exercise training interventions have not been systematically
studied. Therefore, the benefit of exercise training specific to
the SOT population is not fully understood.
These areas of debate provided the foundation for the
Exercise in Solid Organ Transplant Meeting, which was
held in Toronto, Canada, April 18–20th 2013. This 2-day
meeting was the first of its kind in North America, and
brought together researchers, clinicians and stakeholders
with expertise in rehabilitation/exercise across different
SOTs. The goal of the meeting was to identify common
research opportunities and areas of inquiry across SOT and
put a unified effort toward producing high impact research
in exercise and rehabilitation for transplant recipients, and
consequently improve clinical practice. This meeting report
summarizes the current evidence for exercise limitation
and exercise training in SOT and presents the research
agenda developed at the meeting.
Current Evidence
Exercise limitation
It is well accepted that heart and lung transplant candidates
have limited pretransplant exercise capacity due to their
primary organ failure, therefore, the majority of exercise
studies have been focused on these transplant populations
(8). However, people with chronic kidney or liver disease
also demonstrate limitations in exercise capacity pretrans-
plant, often due to secondary consequences of disuse,
such as muscle weakness (11) rather than a consequence
of their primary disease process. Furthermore, there is a
consistent observation across SOT recipients that aerobic
capacity (or peak oxygen consumption [VO2peak]) is
impaired preoperatively and remains below age-matched
normative values posttransplant (11). The limitation in
VO2peak appears to be related to peripheral muscle
dysfunction (impaired muscle oxygen extraction and
utilization) rather than central factors such as cardiovascular
or respiratory limitations, even in heart and lung transplant
recipients (11). Furthermore, peripheral adaptations have
been observed as a result of exercise training in SOT
recipients, such as improved blood lactate (12), mitochon-
drial function (13), muscle strength (14) and an increase in
oxidative, type 1 muscle fibers (14).
Although each SOT has its own unique characteristics and
challenges, many issues that affect exercise capacity and
physical function are common across the transplant types
(11). Pretransplant factors such as the physiological
changes associated with severe chronic disease, decondi-
tioning and nutritional depletion can affect exercise capacity
and physical function in the transplant candidate. However,
the goals of exercise training in the transplant candidate
differ from chronic disease rehabilitation, since pretrans-
plant rehabilitation is focused on maintaining physical
function during a period of rapid decline in health and
preparing for a complex surgery which is followed by a
period of hospitalization and bedrest.
Following transplant, extended hospital and intensive care
stay, prolonged sedentary time, immunosuppressant
medications and episodes of organ rejection may all impact
the transplant recipients’ exercise tolerance and health-
related QOL. In the early posttransplant phase, the
recipients are more complex and medically unstable than
typical patients undergoing rehabilitation. A recent study
showed that transplant recipients undergoing inpatient
rehabilitation had 10 times higher rate of readmission to the
acute hospital compared to other patient populations
participating in rehabilitation (e.g. neurological, musculo-
skeletal) (15). The long-term limitations in exercise capacity
posttransplant may be due to the effects of immunosup-
pressant medications such as corticosteroids, which have
been associatedwithmusclemyopathy (16) and calcineurin
inhibitors, which have been shown to affect mitochondrial
respiration and muscle regeneration/remodeling (17) in
animal models. In the posttransplant phase, the exercise
training goals are substantially different from the pretrans-
plant phase and from chronic disease. Since transplant
recipients experience major improvements in symptoms,
function andQOL, they can focus on gaining higher levels of
physical function and re-engaging in societal roles (work,
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leisure and family obligations). Exercise and physical
activity in the posttransplant phase are part of a long-
term commitment that may lead to sustained improve-
ments in physical function, QOL and potentially improved
survival.
Interestingly, the recommendation for rehabilitation follow-
ing transplant differ based on organ type. Cardiac rehabili-
tation guidelines recommend rehabilitation as standard of
care treatment following heart transplant (18). However,
guidelines for pulmonary rehabilitation focus on individuals
with stable disease or acute exacerbation, but do not
include lung transplant candidates or recipients (19).
Therefore, it remains unclear whether the unique needs
of transplant candidates and recipients could benefit from
specific rehabilitation and exercise training strategies.
Evidence for exercise training in SOT
It is well documented that SOT recipients have significant
physical impairments and increased risk for cardiovascular
disease and that exercise training has potential for both
short- and long-termbenefits in this population. Yet, there is
a lack of high quality RCTs with long-term follow-up on
exercise training for transplant recipients. In a recent
systematic review examining the health benefits and risks
associated with exercise following SOT (8) only 15 RCTs
were identified across kidney (n¼ 2), liver (n¼ 1), heart
(n¼9) and lung (n¼ 3) transplant populations; the majority
of which were conducted in cardiac transplant. The limited
number of studies, particularly in kidney and liver transplant
populations, despite the higher number of these organ
transplants done annually compared to heart and lung, is
likely a reflection of the evidence-based guidelines in
exercise training for people with cardiac and pulmonary
disease (18,19). Whereas, exercise training for people with
chronic kidney or liver disease has not been established
with the same level of evidence.
Table 1 shows the characteristics of the published exercise
training programs and their effects on the main outcomes.
Ultimately, stakeholders are interested in long-term out-
comes such as survival, sustained improvement in QOL
and cost-effectiveness. However, none of the existing
RCTsmeasured these outcomes. The authors of the recent
systematic review noted that 20% of these RCTs (three
trials) were considered as having high risk of bias based on
quality appraisal (8). A summary of the main findings of this
systematic review is presented below.
Exercise capacity and muscle strength: The studies
included in the meta-analysis showed an improvement in
VO2peak among recipients of cardiac (six studies) but not in
kidney (one study), liver (two studies) or lung transplant
(one study). Differences among the exercise training
protocols may explain the conflicting results. However,
when data from all the trials were pooled, there was a
greater change in VO2peak among transplant recipients
who underwent training (standardized mean difference of
0.47mL  kg min1). The clinical relevance of this change is
not established in the transplant population; however, it is
well below the threshold seen in cardiovascular disease,
where a 3.5mL  kg min1 increase in VO2peak has been
shown to be associatedwith an 8% to 14% improvement in
survival (20).
Six studies included muscle strength as an outcome; of
these, four studies included a strength training component
and only one of these studies demonstrated a greater
increase in muscle strength in lung transplant recipients
after exercise training compared to a control group (9).
Interestingly, of the two studies that did not include any
strength training (10,21), one also showed a statistically
significant increase in muscle strength in kidney transplant
recipients (21). This may have been due to the low level of
conditioning of the subjects at baseline, leading to strength
improvements even with aerobic training.
Cardiopulmonary variables: Three studies showed a
decrease in systolic blood pressure (9,22,23) and two
studies showed significantly lower diastolic blood pressure
in lung and heart recipients following training (9,22).
Body composition: Percentage body fat has been
shown to be reduced after exercise training in cardiac
(24) and liver transplant recipients (10). Lumbar bone
mineral density (BMD) has been shown to increase
(compared to pretransplant values) in cardiac recipients
after exercise training (25) while no increase has been
observed in lung (26) or liver transplant recipients (10).
Health-related QOL: Six studies assessed QOL and
there was evidence that exercise training improves QOL in
cardiac transplant recipients (27,28). There was limited
evidence that exercise training improves QOL in lung (9,29)
or liver (10) transplant recipients.
Other outcomes: Only one RCT (9) has considered
physical activity as an outcome and showed an improve-
ment in physical activity levels in lung transplant recipients
after training. This study also observed a trend of lower
incidence of diabetes in the trained group (9).
Meeting Process
Three specific objectives were addressed at the meeting:
(1) increase communication and collaboration of experts
across different types of SOT to develop a wider research
network; (2) identify areas of commonality and uniqueness
in the current state of knowledge regarding exercise and
physical function in SOT, in an effort to consolidate research
efforts across transplant types; and (3) identify ‘‘high
leverage’’ research questions in exercise-based rehabilita-
tion for SOT.
Exercise in Solid Organ Transplantation
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The 2-day meeting was led by a group of five co-
investigators (SM, TJ-F, LW, LGS, JP) and 11 additional
collaborators from across Canada and the United States.
Prior to the meeting, an electronic survey was circulated to
the invitees to stimulate ideas around the topic of exercise
for SOT. A total of 60 participants attended the first day of
the meeting including researchers, clinicians, health-care
administrators and patient representatives. This portion of
the meeting was a knowledge exchange where invited
speakers presented the evidence for exercise training and
exercise limitation in SOT and potential areas for future
research (see Supporting Information for agenda). The
remainder of the meeting was allocated to small group
discussions leading to the development of a research
agenda on exercise for SOT (see Supporting Information for
discussion topics) and developing steps for future engage-
ment of a collaborative research network. Participation on
day 2 was limited to 23 individuals interested in this goal.
Meeting Outcomes
The ideas generated from the group discussions on topics
related to exercise in SOT are summarized below. The top
research priorities and the research agenda developed from
the meeting are provided in Tables 2 and 3. A key priority
was the dissemination of the current evidence for
transplant rehabilitation and the identification for the need
to conductmore high quality trials to allow the development
of evidence-based guidelines. The other top priorities
focused on the development of standard assessments,
which could be collected in a large national database for
transplant rehabilitation research and the identification of
surrogate outcomes that could be applied in clinical trials of
exercise interventions.
Assessment and outcome measures for clinical trials
in exercise
The development of a large rehabilitation/physical function
database for transplant centers and standardized proce-
dures for outcomes was identified as a top priority to
creating a national database for transplant research.
Physical function measures that were proposed for a
database included standardized physical function tests
which typically consist of timed functional tasks such as
walking a short distance or rising from a chair (e.g. Short
Physical Performance Battery), physical activity question-
naires which measure frequency and duration of engage-
ment in structured exercise, sports, leisure time and
household activities, self-reported activity of daily living
scales (e.g. Barthel Index) and indices of physical frailty (e.g.
slowness, exhaustion,weakness,weight loss, low physical
activity). The need for measures to be validated in the
transplant population was also discussed.
Prediction of outcomes
Although there is evidence that exercise capacity is
associated with mortality on the waiting list in transplant
candidates (4), there are a limited number of studies on the
effects of pretransplant exercise capacity on posttransplant
outcomes (7), indicating a highly relevant area of research.
The identification of surrogate markers for hard clinical
outcomes, such as survival and QOLwas voiced during the
discussions. For example, in the pretransplant phase it was
suggested to study the predictive validity of physical
function, physical activity and frailty as assessed by their
associations with posttransplant survival and QOL.
Standard interventions and approaches to exercise
training
Although RCTs in exercise were identified from the
literature in all SOTs, there was a need to further
understand and define the nature of the exercise interven-
tion itself, with particular attention to the phase of
transplant: pre-, early-post- and late-posttransplant inter-
ventions (Table 3). Exploring ‘‘dose-dependent’’ effects of
exercise training and defining the key elements of an
exercise program were discussed. The type of training
(aerobic, resistance), intensity of training (traditional
moderate-intensity versus high-intensity interval training),
duration of the program and preexercise assessments
are highly variable in the literature. Therefore, future studies
need to clearly define the training variables and progression
of exercise, in order to examine the ‘‘dose-response’’
relationship between exercise and health-related outcomes
in transplant. The role of immunosuppressant medications
in modulating the effect of exercise training adaptations
was also a key issue that requires further study in transplant
recipients. There was discussion on the need to examine
late posttransplant care using a chronic disease manage-
ment framework to ensure long-term adherence to
exercise and physical activity and to promote self-
management.
Table 2: Top research priorities identified to address future research in exercise for solid organ transplant
1. Standards for assessment: what are the best tools to evaluate exercise capacity, function and frailty in transplant candidates and
recipients? What are the measurement properties of these tools in disease-specific or multi-organ transplant populations?
2. Surrogate outcomes for clinical trials in exercise: which outcomes/measures of exercise capacity, function and frailty are
associated with hard clinical outcomes such as quality-of-life and survival in the pre- and posttransplant phases?
3. Knowledge translation: dissemination of current evidence and identification of the gaps in evidence to relevant stakeholders (e.g.
clinicians, health-care administrators, researchers, patients/families)
Mathur et al
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Table 3: High leverage research questions for exercise in solid organ transplant
Pretransplant
Assessment and
outcomes measures
What is the concurrent of pretransplant physical function measures [exercise capacity (VO2peak,
six-minute walk test [6MWT]), muscle strength, physical activity (questionnaires, step counts,
energy expenditure) and functional mobility (gait speed, sit to stand test)] as assessed by
associations with clinical outcomes such as quality-of-life?
What is the predictive validity of pretransplant physical function measures as outlined above, as
assessed by associations with posttransplant outcomes such as survival and quality-of-life?
What is the effect of pretransplant frailty on transplant outcomes in adult organ transplant groups?
Is there evidence of frailty in pediatric organ transplant candidates? What are the associations between
frailty and transplant outcomes in the pediatric population?
Standard interventions/
approaches
Does exercise training in the pretransplant phase improve clinical outcomes such as mortality on the
waiting list, length of hospital stay, discharge destination posttransplant or early posttransplant
survival?
What is the optimal timing and duration of pretransplant rehabilitation?
Is there a measurable improvement in markers of exercise capacity (e.g. 6MWT, VO2peak, muscle
strength) with pretransplant exercise training? Do these improvements translate to better
quality-of-life during the waiting period?
Is the response to exercise training dependent on the pretransplant diagnosis (within and across organ
groups) or other pretransplant factors (e.g. age, initial level of fitness, frailty)?
Novel interventions/
approaches
Can high-intensity interval training (HIIT) be safely applied in pretransplant candidates? Does interval
training confer greater training benefits in terms of aerobic fitness in pretransplant candidates
compared to conventional endurance training?
Can circuit training (combination of resistance and aerobic training) confer similar benefits as
conventional aerobic training in pretransplant candidates with lower cardiovascular and respiratory
demands during training?
Can resistance training (with or without nutritional intervention) improve sarcopenia in frail patients
pretransplant?
Health-care economics Is pretransplant exercise training cost-effective? What is the impact on health-care utilization during the
waiting period (physician and specialist visits, emergency room visits etc)?
Early posttransplant1
Assessment/outcome
measures
Which functional measures in the early posttransplant phase are the best predictors/surrogate markers
of survival and quality-of-life?
Standard interventions/
approaches
Does a structured, supervised rehabilitation program starting after hospital discharge, lead to a
sustained improvement of quality-of-life?
Novel interventions/
approaches
Can a multi-organ transplant exercise program provide similar benefits in exercise outcomes (exercise
capacity, quality-of-life) as a single-organ exercise program?
Can home-based or community-based exercise training confer similar benefits to traditional in-center
programs in the early posttransplant phase?
Health-care economics Is there a cost-benefit to delivering a supervised exercise program to a multi-organ group compared to
single-organ group in the early posttransplant period?
Late posttransplant2
Assessment/outcome
measures
What are the best functional predictors/surrogate markers of long-term survival in solid organ
transplant recipients (i.e. VO2peak, muscle mass)?
Is greater functional capacity associated with greater participation outcomes, such as return to work?
Standard interventions/
approaches
Does exercise training and/or physical activity have an effect on long-term survival and quality-of-life in
transplant recipients?
Do steroids have an effect on the muscle hypertrophic response and muscle regenerative capacity in
response to structured resistance training in transplant recipients?
What is the role of calcineurin inhibition on preventing muscle recovery following transplantation? How
do exercise-induced muscle changes differ between transplant recipients receiving low levels of
calcineurin inhibition to those with higher doses?
Does a ‘‘trained athlete’’ transplant recipient have a better ability to adapt to exercise training than a
typical transplant recipient? What factors predict the ‘‘athlete’s’’ ability to reach higher levels of
fitness (i.e. training volume, age, sex, immunosuppressant medications)?
Novel interventions/
approaches
Does long-term exercise training and/or physical activity affect risk of organ rejection, allograft survival,
risk of opportunistic infection?
What is the effect of exercise training on cognition, particularly in older adult transplant recipients?
What is the effect of long-term exercise and lifestyle physical activity in development of obesity,
hypertension, diabetes and/or metabolic syndrome in adult and pediatric transplant recipients?
What factors affect long-term adherence to structured exercise or lifestyle physical activity in children
and adults after transplant (e.g. self-efficacy for exercise, motivators and barriers)?
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Novel interventions and approaches to exercise
training
Studies on different modes of aerobic training such as
interval (characterized by short periods of high-intensity
exercise alternated with longer periods of lower intensity
exercise) or circuit weight training (characterized by a series
of weight lifting exercises completed with minimal rests to
elicit gains in cardiovascular and musculoskeletal fitness)
were identified asmodes of training that could be applicable
to certain sub-groups of patients but required further study.
For example, interval training has been studied in a limited
number of transplant patients but has promising results to
date in heart transplant recipients (30). Also the role for
resistance training combined with nutritional interventions
to improve muscle strength and muscle mass, particularly
in frail patients in the pretransplant phase, was identified as
a future area of study.
There was discussion on issues surrounding single-organ
versus multi-organ (referring to individuals with different
types of SOTs rather than multiple transplanted organs,
such as heart–lung or liver–pancreas) exercise studies.
There was a general consensus that multi-organ transplant
research could have several advantages over single-organ
research such as access to a greater sample size and
opportunities for sub-group analyses across transplant
types. Although transplant candidates could participate in
existing rehabilitation programswithin their primary disease
groups, the improvement in functional status posttrans-
plant and the issues regarding immunosuppressant med-
ications as well as infection and rejection, pose unique
questions for all transplant recipients regardless of the
primary organ disease. These similarities could justify a
posttransplant rehabilitation strategy for all types of SOT
recipients. It was also recognized that the level of evidence
for exercise training differs between the organ types since
greater emphasis has been placed in heart and lung
transplant. Therefore, the starting point for exercise training
studies may differ between SOT groups; for example,
evidence for the effectiveness of standard exercise training
is needed in kidney and liver transplant candidates and
recipients, whereas examining novel modes of exercise
training is a logical next step in heart and lung transplant
candidates and recipients.
Home-based programs were recognized as an important
avenue for exercise delivery and research, especially in the
late posttransplant phase. Benefits of home exercise in the
posttransplant phase included the transition toward inde-
pendence and maintaining a physically active lifestyle.
Innovations in Telehealth or remote monitoring of patients
either pre- or posttransplant were identified as potential
avenues for research. Long-term benefits of exercise
training were discussed as a gap in current research that
could be addressed through various home or community-
based exercise delivery modes (e.g. fitness centers, web-
based platforms and ‘‘tele-rehabilitation’’).
Health-care economics
Considering that public and private health funders are
interested in survival, sustained improvement in QOL and
the cost-effectiveness of exercise interventions, it was
discussed that a broader scope of research in exercise
should be adopted and the impact of rehabilitation beyond
physical function and exercise capacity is essential to
demonstrating the effectiveness of this intervention. Out-
comes of choice included length of hospital stay as an
impact of pretransplant rehabilitation, economic outcomes
(cost of rehabilitation) and health-care utilization (including
rehospitalization), sustained improvements in QOL, allo-
graft survival, risk of infection, risk of rejection, cardiovas-
cular morbidity and mortality.
Opportunities for research in exercise for SOT
A number of existing and emerging opportunities for
conducting research and improving clinical care in the area
of exercise for SOTarose from themeeting discussions (see
Figure 1). It was apparent that existing infrastructure,
expertise and human resources at the current transplant
centers that could be utilized to conduct research. There
was also potential to utilize new technologies such as
Telehealth to support exercise and physical activity inter-
ventions for long-term management, and to accommodate
those living in areas remote from the rehabilitation centers.
There was a strong need to disseminate the best available
evidence for exercise training in pre- and posttransplant
patients through the formulation of ‘‘expert guidelines.’’ The
dissemination of expert guidelines could improve the
availability of evidence-based exercise programs for SOT
candidates and recipients. The existence of current partners
that could assist with improving research productivity in the
area of exercise and physical activity, including academic
institutions, transplant organizations and research
Is a pedometer-based walking program effective in improving long-term adherence to physical activity
in transplant recipients?
Is a chronic disease framework an effective way to improve self-management after transplant?
Health-care economics What are the most cost-effective ways to support exercise and physical activity in the long-term
management of transplant recipients?
Does long-term adherence to exercise training result in lower health-care utilization and cost-benefit in
the posttransplant period?
1Early posttransplant phase defined starting from the time of hospital discharge after transplantation up to 12 months posttransplant.
2Late posttransplant phase defined as greater than 12 months posttransplant.
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networks, were identified. The goal of developing partner-
ships and formalizing existing collaborations with these
groups was emphasized as a way to move the research
agenda forward.
Summary
Exercise and physical activity are important interventions
that have the potential to improve outcomes for SOT
candidates and recipients. To date, there is limited research
supporting the benefits of exercise training, particularly for
long-term benefits and outcomes beyond exercise capacity
and QOL. This meeting of experts and stakeholders in the
area of exercise for SOT allowed for the development of top
priorities for transplant research and a research agenda to
streamline research efforts in this field to produce themost
important and high quality evidence.
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